ABSTRACT V-ATPases acidify multiple organelles, and yeast mutants lacking V-ATPase activity exhibit a distinctive set of growth defects. To better understand the requirements for organelle acidification and the basis of these growth phenotypes, ‫0074ف‬ yeast deletion mutants were screened for growth defects at pH 7.5 in 60 mm CaCl 2 . In addition to 13 of 16 mutants lacking known V-ATPase subunits or assembly factors, 50 additional mutants were identified. Sixteen of these also grew poorly in nonfermentable carbon sources, like the known V-ATPase mutants, and were analyzed further. The cwh36⌬ mutant exhibited the strongest phenotype; this mutation proved to disrupt a previously uncharacterized V-ATPase subunit. A small subset of the mutations implicated in vacuolar protein sorting, vps34⌬, vps15⌬, vps45⌬, and vps16⌬, caused both VmaϪ growth phenotypes and lower V-ATPase activity in isolated vacuoles, as did the shp1⌬ mutation, implicated in both protein sorting and regulation of the Glc7p protein phosphatase. These proteins may regulate V-ATPase targeting and/or activity. Eight mutants showed a VmaϪ growth phenotype but no apparent defect in vacuolar acidification. Like V-ATPase-deficient mutants, most of these mutants rely on calcineurin for growth, particularly at high pH. A requirement for constitutive calcineurin activation may be the predominant physiological basis of the VmaϪ growth phenotype.
V ACUOLAR proton-translocating ATPases (V-ATP-
gle-copy vacuolar membrane ATPase (VMA) genes; the ases) acidify organelles such as the lysosome or last subunit, V o subunit a, is present as two organellevacuole, Golgi apparatus, and endosomes in all eukaryospecific isoforms encoded by the VPH1 and STV1 genes tic cells (Nishi and Forgac 2002) . Compartment acidi- (Manolson et al. 1994 ). V-ATPase subunit genes have fication by V-ATPases is important for receptor-ligand been identified through a variety of biochemical apuncoupling in the biosynthetic and endocytic pathways, proaches (Nelson et al. 1989 (Nelson et al. , 1994  Beltran et zymogen activation, and cellular pH homeostasis. Supekova et al. 1995) and genetic screens pH gradient generated by the V-ATPases can energize (Preston et al. 1989; Ohya et al. 1991; Ho et al. 1993 ). uptake of Ca 2ϩ , amino acids, and other ions and metaboAlthough loss of V-ATPase activity in higher eukarylites (Nelson and Harvey 1999; Nishi and Forgac otes is lethal, disruption of any of the VMA genes in 2002) .
Saccharomyces cerevisiae results in a characteristic condi-V-ATPases are highly conserved from fungi to plants tional lethal phenotype, the VmaϪ phenotype (Nelson and animals. They consist of a complex of peripheral and Nelson 1990; Ohya et al. 1991) . vma mutants are subunits containing the ATP-binding sites, called the V 1 able to grow in medium buffered to pH 5, but do not sector, attached to a complex of membrane subunits grow at pH 7.5 and/or in elevated extracellular calcium containing the proton pore, called the V o sector (Steconcentrations, at typical concentrations of nonfervens and Forgac 1997). The yeast V-ATPase has emerged mentable carbon sources, or in the presence of a variety as the predominant model system for eukaryotic V-ATPof heavy metals. Vph1p was identified through a screen ases because it closely resembles the enzyme in higher for vacuolar acidification defects (Preston et al. 1989 ; eukaryotes but is more easily manipulated genetically Manolson et al. 1992 ). Deletion of VPH1, which enand biochemically (Nelson and Klionsky 1996 ; Kane codes the vacuole-specific a-subunit isoform, results in and Smardon 2003). The yeast genes for the subunits a partial VmaϪ phenotype, but when a vph1⌬ mutation that copurify with enzyme activity have been identified.
is combined with deletions in STV1, the a-subunit isoEight subunits (designated A-H) form the V 1 sector, form found in the Golgi and late endosome/prevacuoand six (designated a, c, cЈ, cЈЈ, d , and e) form the V o lar compartment, the double-mutant cells exhibit a sector (Stevens and Forgac 1997; Sambade and Kane VmaϪ phenotype indistinguishable from that of the 2004). Thirteen of the 14 subunits are encoded by sinother vma mutants (Manolson et al. 1994) . This result suggests that the VmaϪ phenotype arises from disruption of V-ATPase activity in multiple compartments. Al-1 ing cells into YEPD buffered to pH 5 or YEPD buffered to pH Plant et al. 1999) , the VmaϪ phenotype has proven 6 and adding cyclosporin A (Calbiochem, San Diego) from to be extremely useful in characterization of V-ATPase an ethanol stock to a final concentration of 150 g/ml. Constructure and function. It has been used extensively to trol cells had an equivalent concentration of ethanol added.
identify subunit genes, to assess the extent of in vivo
The cultures were then grown for 24 hr at 30Њ and the OD 600 was measured. To test for suppression of the growth phenofunction of V-ATPase complexes with mutations in types by iron and copper, 100 m FeCl 2 and 10 m CuCl 2 known subunit genes, and to uncover new proteins that were added to YEPD, pH 7.5, YEPD, pH 7.5 ϩ CaCl 2 , or YPEG help regulate V-ATPase function in vivo (Ohya et al. (Serrano et al. 2004). 1991; Oluwatosin and Kane 1998; Curtis et al. 2002) .
Fluorescence microscopy: Yeast cells were stained with quinFor example, mutations in the CYS4 gene, which enacrine as described (Roberts et al. 1991) . After incubation, cells were visualized within 10 min using a Zeiss Axioskop II codes an enzyme required for cysteine (and glutathione) and fluorescein fluorescence optics. Images were captured biosynthesis, also result in a VmaϪ phenotype, arising using a Hamamatsu CCD camera and analyzed using Adobe at least in part from the sensitivity of the V-ATPase Photoshop 4.0.
catalytic subunit to redox conditions in the cytosol
The VMA2 gene was tagged at the C terminus with GFP as (Oluwatosin and Kane 1997) . These results emphadescribed in Longtine et al. (1998) , except that longer ‫002ف(‬ bp) flanking regions were added to the GFP-kanMX cassette size that screening for mutants that exhibit a VmaϪ using fusion PCR (Wach 1996) . The resulting fusion product phenotype can reveal not only structural genes for the was transformed into wild-type cells using a modified lithium V-ATPase, but also proteins important for ATPase asacetate transformation protocol (Ito et al. 1983) , and transsembly and regulation. Significantly, no genetic screen formants were selected on YEPD containing 200 g/ml G418
for vma mutants appears to have been saturating, beand tested for production of a larger fusion protein detectable with the anti-B-subunit monoclonal antibody. The Vma2p-cause in each screen, previously unidentified mutants GFP-containing wild-type strain is able to grow on YEPD, pH have been uncovered along with a subset of the existing 7.5 ϩ 60 mm CaCl 2 , suggesting that the V-ATPase is functional vma mutants.
in the presence of the GFP fusion. To localize Vma2p-GFP
The advent of genomic approaches has made it possiin the deletion strains, which are already G418-resistant, the ble to assess the complete set of genes necessary for kanMX marker was switched to the natMX marker as described by Tong et al. (2001) . The GFP-tagged B subunit was then V-ATPase activity and organelle acidification. As a step visualized by fluorescence microscopy as described above.
toward this goal, we have screened a collection of hap- concanamycin A (Wako Biochemicals, Richmond, VA) as described (Sambade and Kane 2004) . Vacuolar vesicles and whole-cell lysates were prepared for immunoblotting as described ) and V-ATPase subunits were de-MATERIALS AND METHODS tected with mouse monoclonal antibodies specific for the a, A, B, and C subunits or with polyclonal Media and strains: All strains were from the collection of antibody to the E subunit (a generous gift from Dan Klionsky, haploid deletion mutants developed by the Saccharomyces GeUniversity of Michigan). Alkaline phosphatase (ALP) was denome Deletion Project (Winzeler et al. 1999) and obtained tected by monoclonal antibody 1D3 obtained from Molecular from Research Genetics (Birmingham, AL). These strains are Probes (Eugene, OR). based on the BY4741 wild-type strain (MATa, and were constructed by replacing the open reading frames of all nonessential genes of at least 100 codons with the kanMX marker. The collection was arrayed in a 384-RESULTS well format and grown on unbuffered yeast extract-peptoneGrowth of the haploid nonessential yeast deletion dextrose (YEPD) plates. For the initial screening, mutants were transferred to YEPD plates buffered to pH 5 and YEPD collection on YEPD plates buffered to pH 5.0 and on plates buffered to pH 7.5 containing 60 mm CaCl 2 , using a YEPD plates buffered to pH 7.5 containing 60 mm CaCl 2 Virtek Versarray robot (Bio-Rad, Hercules, CA). Mutants that was compared. Strains from the library that grew well grew substantially better at pH 5 than at higher pH and calat pH 5.0 but failed to grow on pH 7.5, 60 mm CaCl 2 cium concentrations after 24-48 hr at 30Њ were identified. The plates in two independent platings were identified. Tascreen was performed in duplicate and repeated twice, and mutants common to both screens were characterized further. ble 1 lists 64 strains that showed a growth defect at high Mutant strains that grew on YEPD medium buffered to pH 5, but failed to grow on YEPD medium buffered to pH 7.5 containing 60 mM CaCl 2 , in two independent screens of the deletion mutant library are shown. The genes mutated in each strain are assigned a general function on the basis of information in the Saccharomyces Genome Database. Genes previously identified in screens for vma mutants are indicated by *.
mutants (Oluwatosin and Kane 1997 ; Oluwatosin grow on pH 7.5 ϩ CaCl 2 medium, but were able to grow on pH 7.5 medium or on nonfermentable carbon and Kane 1998), were again identified. Missing from our collection were mutants disrupted in the VMA4, sources. Because this suggests a weaker growth phenotype than that of the known vma mutants, we did not VMA7, and VMA11 genes, which encode subunits of the V-ATPase. Another deletion mutant (yor331c⌬) that pursue them further. Sixteen new candidate vma mutants with a pattern of growth defects similar to that of would remove most of the VMA4 open reading frame did show a strong VmaϪ phenotype. YOR331C is now the known vma mutants were selected. All of these strains showed little or no growth on pH 7.5 medium designated as a dubious ORF and is on the strand opposite from VMA4.
containing 60 mm CaCl 2 and on glycerol/ethanol-containing medium in dilution assays (Table 2) . Their Table 1 includes ‫05ف‬ mutants not previously associated with a VmaϪ defect. In addition to a severe growth growth at pH 5 and pH 7.5 is compared to that of the congenic wild-type strain and the vma3⌬ mutant, which defect at high pH and high calcium concentration, vma mutants are also sensitive to elevated pH without addilacks V o subunit c, in Figure 1 . The growth of these strains on medium containing 4 tional calcium and are unable to grow at typical concentrations of nonfermentable carbon sources (Ohya et al. mm ZnCl 2 was also examined and the results are shown in Figure 1 . Mutations that disrupt any of the "single-1991). To identify those mutants most similar to the known vma mutants, we tested the growth of this initial copy" VMA genes result in Zn 2ϩ sensitivity, as shown in Figure 1 for the vma3⌬ mutants. These genes encode collection of mutant strains on medium buffered to pH 5, medium buffered pH 7.5 without added calcium subunits that are believed to be present in all V-ATPase complexes in the cell. Although disruption of both V o (YEPD, pH 7.5), YEPD, pH 7.5 containing 60 mm CaCl 2 , and medium containing 3% ethanol and 2% glycerol a-subunit isoforms is necessary to obtain most VmaϪ phenotypes (Manolson et al. 1994) , disruption of the (nonfermentable carbon sources) as the sole carbon sources. Growth of each strain on the different media vacuolar isoform (Vph1p) alone results in full sensitivity to 4 mm ZnCl 2 . This result has been attributed to the was then scored, and the results are shown in Table 2 . A number of the strains, for example, the entire collecvacuole's major role in detoxification of heavy metals, and it has been argued that Zn 2ϩ sensitivity may help tion of tryptophan biosynthesis (TRP) mutants and most of the phosphate metabolism (PHO) mutants, proved to distinguish vma mutants with effects specific to the vacuole from those that affect V-ATPase function in to have a calcium-specific growth defect; they failed to (continued ) and ydr114c⌬ mutants showed only a very slight improvement. The other strains in Figure 1 showed no change in growth in the presence of added iron and copper multiple locations (Bachhawat et al. 1993) . As shown in Figure 1 , the candidate vma mutants selected after (data not shown). We also determined whether addition of the same concentrations of extracellular iron and the second round of screening showed varied levels of sensitivity to 4 mm ZnCl 2 that did not necessarily correcopper would improve the growth of the strains on nonfermentable carbon sources (YPEG), because insuflate with their sensitivity to growth at pH 7.5. The anp1⌬, rmd7⌬, pho85⌬, snf5⌬, snf6⌬, ctr1⌬, clc1⌬, vps45⌬ , and ficient iron or copper might prevent respiration by preventing assembly of metal-containing complexes reshp1⌬ mutants were relatively insensitive to added Zn 2ϩ , We next addressed whether the new candidate vma mutants had defects in vacuolar acidification, using a quinacrine uptake assay. Wild-type cells accumulate the fluorescent weak base quinacrine in the vacuole because it crosses membranes freely at near-neutral pH but becomes protonated and trapped in compartments of low pH. As shown in Figure 2 , vacuoles of the wild-type strain were brightly stained with quinacrine. Mutant strains lacking any of the V-ATPase genes show no quinacrine staining (Yamashiro et al. 1990 ; data not shown). Only one of the candidate vma strains, the cwh36⌬ mutant, completely lacked quinacrine staining, even after extended exposure times. There were, however, less dramatic staining defects among the other mutants. The vps45⌬, vps34⌬, vps15⌬, rnr1⌬, cys4⌬ , and shp1⌬ mutants all showed decreased quinacrine uptake relative to the wild-type strain. Staining in the rmd7⌬ mutant was variable among different cells. The cys4⌬ mutant was previously shown to be defective in quinacrine uptake (Oluwatosin and Kane 1997) . The kex2⌬ mutant was defective for quinacrine uptake in an earlier study (Oluwatosin and Kane 1998), but did not show a defect in this strain background. A number of the other strains showed aberrant cellular or vacuolar morphologies (shown in Figure 6 ). However, even in the vps16⌬ and clc1⌬ mutants, which have very highly fragmented vacuoles (Figure 2 ; Seeley et al. 2002) , quinacrine uptake into membrane-bound compartments occurred. These experiments identify a subset of mutants with probable vacuolar acidification defects. They also suggest that quinacrine uptake occurs even under conditions where cellular or vacuolar morphology is disrupted and indicate that some of the mutants with a strong VmaϪ growth phenotype do not appear to have major defects in vacuolar acidification. tion of calcineurin, the highly conserved Ca 2ϩ /calmodulin-dependent protein phosphatase that is activated by a number of conditions of ionic stress (Hemenway et al. 1995) . As a result of this dependence, vma mutants quired for oxidative phosphorylation. Both the rcs1⌬ and ctr1⌬ strains showed greatly improved growth on are highly sensitive to cyclosporin A (CsA) and FK506, two inhibitors of calcineurin activity (Iida et al. 1990 ; YPEG supplemented with iron and copper, as did the shp1⌬ strain. The vps15⌬, vps16⌬, and cys4⌬ mutants Hemenway et al. 1995; Tanida et al. 1995) , and mutations in the V-ATPase and calcineurin subunit genes also showed improved growth, but the improvement was not as pronounced, and the clc1⌬ mutant showed are lethal when combined (Garrett-Engele et al. 1995; Parsons et al. 2004) . Tanida et al. (1995) showed that only a very slight improvement. In those mutants that showed improved growth in the presence of added iron the sensitivity of the vma mutants to CsA was dependent to some degree on the pH of the medium; at pH 5, some and copper, deficiency in these metals appears to be a major cause of their growth defect. Mutants that did not growth occurred at a CsA concentration that prevented growth at pH 6. We reasoned that the pattern of growth show improved growth may still have iron and copper deficiencies, but there may be other deficiencies as well, defects in the candidate vma mutants might be characteristic of mutants that are dependent on constitutive including an inability to take up, distribute, or utilize the additional extracellular metals.
activation of calcineurin. Figure 3 compares the over- -Quinacrine staining of wild-type and mutant strains. The indicated strains were stained with the lysosomotropic dye quinacrine and then visualized by fluorescence microscopy, as described in materials and methods. All images correspond to a 300-msec exposure. For the cwh36⌬ mutant, there was no staining visible at any exposure, but cells containing vacuoles were first located under Nomarski optics and then visualized under the same conditions used for the other strains. Like the cwh36⌬ mutant, mutants lacking V-ATPase subunits (vma3⌬ and vma5⌬) were also visualized and showed no staining (data not shown).
night growth of wild-type and candidate vma mutants in had Ͻ30% of the V-ATPase activity of the wild-type strain. Decreases seen in the rnr1⌬, yel045c⌬, and vps45⌬ the presence and absence of 150 g/ml CsA in medium buffered to pH 5 or pH 6. As reported previously, the strains were smaller, and activities in vacuoles isolated from the pho85⌬, snf5⌬, snf6⌬, and anp1⌬ mutants were growth of the wild-type cells was relatively insensitive to CsA at either pH, but the growth of the vma3⌬ strain Ͼ50% of wild type. Levels of several V-ATPase subunits were assessed by was highly sensitive to the drug, with slightly more inhibition at pH 6 than at pH 5 (Figure 3, bottom) . A Western blotting of vacuolar membranes using subunitspecific antibodies against V 1 subunits A, B, C, and E number of the candidate vma mutants, including kex2⌬, cys4⌬, cwh36⌬, shp1⌬, rib4⌬, vps16⌬, and clc1⌬, showed and V o subunit a. Figure 4 shows that there were almost no V-ATPase subunits in membranes isolated from the a similar pattern of sensitivity, although there was some variation in the absolute level of inhibition. Another set cwh36⌬ and vps16⌬ mutants, consistent with the very low V-ATPase activity. Levels of V o subunit a were reduced in of mutants, including rnr1⌬, pho85⌬, vps15⌬, vps34⌬, rcs1⌬ , and ydr114c⌬, was quite sensitive to CsA at pH 6, the vps15⌬, vps34⌬, and vps45⌬ mutants, suggesting that the membrane sector of the V-ATPase was present at but relatively insensitive at pH 5. Similar behavior was observed in earlier studies for the vph1⌬ mutant, which lower levels in these mutants. Loss of the membrane sector would remove sites for binding of the peripheral does not eliminate all cellular V-ATPase activity (Tanida et al. 1995) . The remaining mutants (rmd7⌬, snf6⌬, V1 sector, which contains sites for ATP hydrolysis and thus could account in part for the reduced ATPase activctr1⌬, vps45⌬, anp1⌬, and yel045c⌬) are largely insensitive to CsA inhibition. These results indicate that at least ity. However, the vps15⌬ and vps34⌬ mutants have lower levels of all four V 1 subunits than does vps45⌬, indicating some of the mutants that have little if any defect in quinacrine uptake, such as kex2⌬ and snf5⌬, still rely that these two mutations may have an additional effect on binding of the V 1 sector to V o that does not occur on constitutive activation of calcineurin for growth.
We addressed whether several of the candidate mufrom the vps45⌬ mutation. The shp1⌬ mutant has more of the V o a subunit than the vps45⌬ mutant vacuoles, tants affected vacuolar H ϩ -ATPase activity biochemically, by isolating vacuolar vesicles and assaying concanabut less of V 1 subunits A, B, C, and E. This mutation may exert its primary effect on attachment of the periphmycin A-sensitive ATPase activity. (Concanamycin A is a potent and specific inhibitor of V-ATPases from all eral V 1 subunits to the membrane subunits. The clc1⌬, rmd7⌬, and rnr1⌬ mutant vacuoles show some reduction eukaryotic species; Drose et al. 1993) . Table 3 shows that vacuoles from the cwh36⌬ and vps16⌬ cells had the in all of the subunits relative to wild-type vacuoles, but it is not clear whether this reduction is sufficient to lowest levels of ATPase activity. The vps15⌬, vps34⌬, vps45⌬, shp1⌬, clc1⌬ , and rmd7⌬ mutant vacuoles also account for the reduction in V-ATPase activity that is seen in these mutants. The pho85⌬ and yel045c⌬ mutant vacuoles both had near wild-type ATPase activity and approximately the same levels of all of the ATPase subunits as the wild-type strain.
Lower levels of V-ATPase subunits in the vacuolar membranes could arise from general vacuolar targeting defects or contamination of the vacuoles with other membranes. To help address this issue, we probed a Western blot of the vacuolar membranes with antibodies to another membrane-bound vacuolar enzyme, alkaline phosphatase (ALP; Klionsky and Emr 1989) . Significantly, all of the mutant vacuolar membranes except those from vps16⌬ contained near wild-type levels of ALP, although there was some variation in the amount of unprocessed ALP, which has a slightly lower mobility than the doublet corresponding to mature, proteolytically processed ALP (Klionsky and Emr 1989) . From Figure 3 .-pH-dependent cyclosporin sensitivity in wildtype and mutant strains. The indicated strains were grown to midlog phase and then diluted into YEPD buffered to either pH 5 or pH 6. An ethanol stock of cyclosporin A (final concentration 150 g/ml) was then added to half of the cells at each pH and an equivalent amount of ethanol was added to the other half as a control. The cells were incubated at 30Њ with shaking for 24 hr and then the culture density (OD 600 ) was measured for each. For each strain: solid bar, YEPD, pH 5 without cyclosporin A; shaded bar, YEPD, pH 5 with cyclosporin A; hatched bar, YEPD, pH 6 without cyclosporin A; and stippled bar, YEPD, pH 6 with cyclosporin A. Top, strains showing acute sensitivity to cyclosporin A at both pH 5 and pH 6. Middle, strains showing greater sensitivity to cyclosporin A at pH 6 than at pH 5. Bottom, strains that are relatively insensitive to cyclosporin A at pH 5 or 6. The growth of congenic wild type and a strain lacking a known V-ATPase subunit (vma3⌬) are also included in the bottom for comparison.
lacking an intact V o sector, the GFP signal is cytoplasmic (data not shown), consistent with results from immunofluorescence microscopy with anti-B-subunit antibody . As reported previously for a number of the strains (Raymond et al. 1992; Seeley et al. 2002) , it was immediately clear that vacuolar morphology is perturbed in certain strains, including vps16⌬, clc1⌬, shp1⌬, and rnr1⌬. However, it is also notable that in most of the strains, with the possible exception of cwh36⌬, the GFP signal is predominantly membrane bound, indicating that some level of V-ATPase assembly was occurring in the mutants. The staining appeared to be concen- from the endogenous promoter, there were variations in the intensity of staining, with some mutants, such as pho85⌬, cwh36⌬, and rcs1⌬, staining very poorly. This these results, it would appear that contamination of variability made it difficult to assess whether some of the vacuoles does not account for the differences in the mutants had higher levels of cytosolic signal than V-ATPase subunits or activity. This suggests that there others. is a relatively specific loss of the V-ATPase from the vacuolar membranes of all of the mutants except vps16⌬. The vps16⌬ mutant was previously shown to DISCUSSION have drastically disrupted vacuolar structure (Peterson The major results of the screen can be summarized and Emr 2001), and the fragmentation of the vacuoles as follows and are discussed in more detail below. in this mutant (Figure 2 ) may preclude vacuolar isolation by our typical protocol.
1. We identified a new V-ATPase subunit, Vma9p, via In most mutants tested to date, the cellular levels of the phenotype of the cwh36⌬ mutant described here V 1 subunits were not altered even when they were not (Sambade and Kane 2004) . The discovery of a new able to assemble with other subunits or the vacuolar V-ATPase subunit gene was surprising because there membrane, but some of the V o subunits became unstawas no previous biochemical evidence for this subble in the absence of V o assembly  unit in yeast, but the results support the specificity Tomashek et al. 1997). We prepared whole-cell lysates of this screen for V-ATPase defects and the power of from the mutant strains used for vacuole preparation the genomics approach. and examined the cellular levels of the V o a subunit and 2. Because the cwh36⌬ mutant was the only mutant that V 1 A, B, C, and E subunits by Western blotting ( Figure  exhibited such a strong phenotype, it is tempting to 5). In contrast to the vacuolar membranes, there was suggest that all of the yeast V-ATPase subunits have little if any difference in the cellular levels of any of the now been identified. (However, VMA9 itself was nei-V-ATPase subunits or the control protein, ALP, even in ther deleted in the library nor annotated originally the cwh36⌬ and vma16⌬ mutants, where none of the as an ORF, so other small subunits could be present.) subunits was at the vacuole. This result indicates that 3. A relatively small set of other gene products exhibits the VmaϪ phenotype in these mutants does not arise the characteristic VmaϪ phenotype when deleted from defects in synthesis or stability of these V-ATPase (summarized in Table 3 ). Among these gene prodsubunits.
ucts is a small subset of the gene products implicated As an alternate means for assessing the cellular distriin vacuolar protein sorting (Bonangelino et al. 2002a ). bution of the V-ATPase, we expressed a functional GFPIt was known that some of the vps mutants have detagged version of the V-ATPase B subunit in each of the fects in vacuolar acidification (Rothman et al. 1989 ; mutant strains ( Figure 6 ). The B subunit is a peripheral Raymond et al. 1992 ), but it is now clear that the membrane protein that is found in the cytosol under vast majority of mutations that result in missorting conditions that prevent V-ATPase assembly or stimulate of soluble vacuolar proteins do not sufficiently impair disassembly Kane 1995) . In organelle acidification and/or V-ATPase activity to wild-type cells, the GFP signal is tightly localized around several vacuoles in most cells (Figure 6 ), and in a mutant generate a VmaϪ phenotype. Conversely, the vps Figure 6 .-Distribution of Vma2p-GFP in wild-type and mutant strains. The V 1 B subunit (Vma2p) of the V-ATPase was tagged at its C terminus with GFP and introduced into each strain as described in materials and methods. Distribution of the Vma2p-GFP fusion protein was visualized by fluorescence microscopy using an FITC filter set. To visualize the outline of the cells as well as the GFP tag, a low level of visible light was allowed to enter the microscope as the fields were photographed. Even though each strain contains a single GFP integrated at the VMA2 locus, there was considerable variability in the fluorescence intensities.
mutants that do have a relatively strong VmaϪ pheregulators of the V-ATPase. The majority have been notype may have more direct effects on the V-ATPase. implicated in protein trafficking. Although it might be 4. Some mutants display a strong VmaϪ phenotype with argued that any vacuolar protein sorting (vps) mutant no obvious acidification defect. These mutants have might affect V-ATPase activity by improperly targeting in common with the V-ATPase mutants a depenthe enzyme to the vacuole, in fact, most of the vps mudence on calcineurin for growth; this dependence tants proved to have relatively little effect on vacuolar may be the predominant physiological basis of the acidification or V-ATPase activity (Rothman et al. 1989 ; VmaϪ growth defects. Preston et al. 1992; Raymond et al. 1992) . Consistent with this, only 6 of the ‫051ف‬ mutants identified to date New mutants that affect V-ATPase activity: Mutants as having vacuolar protein sorting defects (Raymond et lacking genes directly responsible for V- ATPase assemal. 1992; Bonangelino et al. 2002a ) exhibited strong bly and structure represent, as expected, a large fraction VmaϪ growth phenotypes in this genomic screen. Of of the mutations that exhibit a strong VmaϪ phenotype.
the four vps mutants, the vps34⌬ and vps15⌬ mutants Thirteen of the 16 previously identified subunits and may be the most interesting. The vps15⌬, vps34⌬, and dedicated assembly factors are among the deletion muvps45⌬ mutants were previously determined to have retants showing the strongest VmaϪ phenotype in Tables duced vacuolar acidification (Rothman et al. 1989 ; Ray-1 and 2, and the other 3 known vma mutants were not mond et al. 1992) . Vps34p is a phosphatidylinositol represented in the deletion library (data not shown).
3-kinase (PI 3-kinase) localized to the prevacuolar comOnly the cwh36⌬ mutant showed a phenotype identical partment by association with the serine/threonine proto that of the V-ATPase subunit mutations. The pretein kinase Vps15p (Schu et al. 1993; Stack et al. 1995) . dicted open reading frame for CWH36 is designated as
The product of Vps34p, the phosphatidyl inositol phosa dubious ORF (Saccharomyces Genome Database), but pholipid PI3P, is enriched in endosomes, internal vesiwe have now shown that the cwh36⌬ mutation also decles of multivesicular bodies, and the outer limiting letes most of an unannotated V-ATPase subunit gene, membrane of the vacuole (Gillooly et al. 2000) . At VMA9, on the opposite strand, and deletion of VMA9 the vacuole, some of the PI3P in the limiting membrane can account for the full range of phenotypes shown is further processed by a PI-3P 5-kinase (Fab1p) (Gary here (Davis-Kaplan et al. 2004; Sambade and Kane et al. 1998). Interestingly, mutants lacking Fab1p, or its 2004) . associated modulator, Vac14, have been reported to lack Several other mutants mimic the growth phenotypes, vacuolar acidification (Bonangelino et al. 2002b ), but pH-dependent sensitivity to calcineurin inhibitors, and these mutants do not exhibit a VmaϪ growth phenotype quinacrine uptake defect of the vma mutants, but are (data not shown). Vacuolar protein sorting is also unafnot as severely affected in one or more of these characteristics as the vma mutants. These mutations may affect fected in a fab1⌬ mutant (Wurmser et al. 1999) . One pholipids in control of V-ATPase activity (Chung et al. 2003; Crider and Xie 2003) , and another has suggested V-ATPase activity, cyclosporin A sensitivity, and quinacrine a link between PI3-kinase activity and glucose regulation staining of candidate vma mutants of V-ATPase activity (Sautin et al. 2005 cose storage is intriguing. In addition, it is interesting b From Oluwatosin and Kane (1998). that Pho85p, also isolated in our screen, regulates Glc7p c From Oluwatosin and Kane (1997). phosphatase activity as well (Tan et al. 2003) . Glc7p, d These strains show either such perturbed vacuolar morphology (vps16⌬ and clc1⌬) or a variability in staining among encoded by an essential gene, has been implicated in ion different cells (rmd7⌬) that assessment of quinacrine staining homeostasis (Williams-Hart et al. 2002) and vacuoleis difficult.
vacuole fusion (Peters et al. 1999) . Although the target responsible for these effects is unknown, it is possible that either Glc7p has a direct effect on the V-ATPase possibility consistent with all of these results is that or the general vacuolar features regulated by Glc7p V-ATPase activity is influenced by certain inositol phosaffect V-ATPase activity. The clc1⌬ mutant vacuoles pholipids, either by direct interaction or by recruitment do show a comparable reduction in the levels of all of modulator proteins that affect V-ATPase activity. The V-ATPase subunits, which might reflect a V-ATPase devps34⌬ and vps15⌬ mutants would exhibit a VmaϪ phelivery defect. notype because they compromise V-ATPase activity in Rnr1p, the large subunit of ribonucleotide reductase, both prevacuolar compartments and the vacuole itself, is important for DNA replication and the DNA damage while the fab1⌬ and vac14⌬ mutants affect only the checkpoint (Nguyen et al. 1999 ; Enyenihi and Saunvacuole and thus allow function of the V-ATPase in ders 2003). It is not easy at this point to explain its assoearlier compartments. Alternatively, vps34⌬ and vps15⌬ ciation with reduced V-ATPase activity in isolated vacumay result in a stronger phenotype because they impact oles. Rmd7p is implicated in meiotic division (Enyenihi the V-ATPase at multiple levels: both in sorting to the and Saunders 2003), but, like the cwh36⌬ mutant and vacuole and in the activity of the enzyme itself. Two other recent investigations have also implicated phoscertain known vma mutants (Lussier et al. 1997 ), also shows a calcofluor white sensitivity suggestive of cell wall elsewhere to be synthetically lethal with a calcineurin mutant (Parsons et al. 2004 ) and vps45⌬ was found defects (Hughes et al. 2000) .
Among the mutants that were not detected in our to be sensitive to another calcineurin inhibitor, FK506 (Serrano et al. 2004) , indicating that these mutants are screen that have been associated biochemically with regulation of V-ATPase activity are the rav1⌬, rav2⌬, fen1⌬, also calcineurin dependent even though they do not respond to CsA. Although a number of studies have and sur4⌬ mutants. Although all of these mutants have been shown to affect the V-ATPase in biochemical demonstrated the strong calcineurin dependence of V-ATPase-deficient mutants (Garrett-Engele et al. assays, only the sur4⌬ mutant shows a VmaϪ growth phenotype at 30Њ (Seol et al. 2001; Chung et al. 2003 Chung et al. ). 1995 Hemenway et al. 1995; Tanida et al. 1995; Forster and Kane 2000) , the failure of these mutants to grow We detected sur4⌬ in only one of our two duplicate screens of the library on YEPD, pH 7.5 ϩ CaCl 2 plates, at elevated pH and calcium was not tightly linked to constitutive calcineurin dependence. Interestingly, so it was not pursued further. Taken together, these results indicate that we have identified most of the none of these gene products, other than the V-ATPase, has been implicated directly in calcium homeostasis, so nonessential deletion mutants capable of exhibiting a VmaϪ phenotype.
their deletions may cause calcineurin activation through one of the growing number of stresses that is translated What is the physiological basis of the VmaϪ phenotype? There are mutants in Table 3 that exhibited a into a calcium pulse resulting in calcineurin activation (Viladevall et al. 2004 ). VmaϪ growth phenotype that did not compromise quinacrine uptake into the vacuole, such as pho85⌬, Nelson, 1992 mutations may affect some aspect of pH and/or calcium Cloning and mutational analysis of the gene encoding subunit homeostasis that allows them to mimic the growth de-
